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INTROPUQTJQN 

Like many large urban electric utilities, the Phila- 
delphia Electric Company has in service miles of hi-voltage 
(66 KV - 138 KV) underground power cables, and the diffi- 
culty of obtaining overhead transmission line right-of-way 
and considerations of appearance and convenience in crowded 
areas have created a trend toward still more underground- 
ing. 

Location of faults on both the underground and over- 
head systems is the responsibility of the Service Mainte- 
nance Section, using methods and equipment either develop- 
ed or specified by the Engineering and Research Department. 
Various methods, appropriate to the particular fault con- 
dition encountered, are applied and specific skills and 
techniques are continuously refined by practical experience. 

In addition to a constant search for better methods 
and equipment to improve the precision of location and to 
reduce the time required for the procedure, a recognition 
in 1961 that the existing complement of techniques would 
probably be completely ineffective in the case of an as 
yet inexperienced, but by no means improbable, kind of 
fault on pipe-type cables generated considerable concern 
and led to the immediate search for a suitable location 
method. 

More undergrounding of hi-voltage transmission and 
even residential distribution lines would undoubtedly take 
place in the future. 

An article in Electric Light and Power in October of 
1961, which recounted various techniques, had been seen 
by Service Maintenance engineers and passed around for 
others to read (Reference 1 in the bibliography). A meet- 
ing then took place in December, 1961, of engineers in the 
Research, Engineering Transmission and Distribution (T and 
D) Underground, Operating T and D Underground, and Opera- 
ting T and D Service Maintenance Sections. John J. Burns 
was a part of this group. 

"I think I was asked to attend the meeting, " said John, 
"because several of the proposed techniques required some 
skill with special oscilloscopes and I had some knowledge 
about these. " 
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This meeting resulted in plans for field testing of 
several methods and John prepared to participate and oper- 
ate the oscilloscope after he had modified it to incorpo- 
rate a sweep delay feature for better time resolution. 

The greatest interest among the Philadelphia Electric 
engineers was in accurately locating faults in pipe- type 
underground cables in which arcing faults , which could not 
be found after removal of voltage from the cable, was ex- 
pected to become a progressively more serious problem. 
Rapid and accurate fault location was of increasing impor- 
tance (see Figure 1A, Appendix A) . 



ML ENGINEER Mfi '!m$ BABY" 

John J. Burns was an electrical engineer in the Re- 
search Division of the Engineering and Research Department 
of the Philadelphia Electric Company at Philadelphia, Penn- 
sylvania. He graduated from the University of Pennsylvania 
in June of 1956 with two degrees, electrical engineering 
and physics, and came to Philadelphia Electric that fall. 
After a short period as a trainee, John spent five years 
in Field Engineering and one year in Protective Relaying. 
Since then, late 1961, he had been in the Research area. 

The project discussed in this case began about the 
time John came to the Research Section. He worked on num- 
erous projects simultaneously with the one presented here, 
sometimes leaving this work for long stretches of time due 
to other exigencies. As always, there was competition a- 
mong various projects for man-hours. The development of 
a good procedure for fault location which could be easily 
used by field maintenance personnel was, however, a long- 
continuing challenge all his own, "his baby. u 



IHE PHILADELPHIA ELECTRIC COMPANY 

The Philadelphia Electric Company is a large, public 
utility, owned by 126,398 stockholders, and serving, in 
1969, a 2,400 square mile area with a population of 3,900,000 
people. At that time the Company counted 10,266 employees. 
Peak electrical load, on July 17, 1969, was 4,592 megawatts 
against a maximum capacity of 5,115 megawatts. Projected 
demands for electric power had resulted in authorization 
by the Pennsylvania Public Utility Commission to double 
this capacity, and plans were to construct $1.5 billion 
worth of new plant in 1970-1974, largely nuclear. 

The Company is organized under a Board of Directors 
and President into nine divisions, two of which were 
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Engineering-Research and Electric Operations, John Burns 
was in the Research area and the engineers in Operations 
had responsibility for maintenance. Other company divi- 
sions were Legal, Finance and Accounting, General Admin- 
istration, Personnel and Public Relations, and so forth. 

Total operating revenue in 1969 was $440 million from 
sales of 21.9 billion KW-hrs electric energy, 67.6 billion 
cubic feet of gas, and 7.9 billion pounds of steam. Elec- 
tric revenue was the largest part, $355 million. Payroll, 
fuel, and taxes accounted for $285 million in costs. 

Some idea of P.E.'s underground cables can be gained 
from company records. By 1970, records showed, for 66-KV 
cable, 31 miles of solid type, 24 miles low-pressure, oil- 
filled, and 46 miles of pipe-type cable. For 132 KV, there 
were 20 miles installed. 



UNDERGROUND CABLES AND FAULTS 

John's experience in Field Engineering and his own 
further study had prepared him to grasp the problem, if 
not a ready solution. 

Philadelphia Electric had in use three types of under- 
ground AC hi-voltage cables: 

1. The so-called M solid M type, made up of one-to- 
three conductors insulated from one another by 
solid insulation (oil- impregnated paper) and sur- 
rounded by an over-all lead sheath- -these were 
the oldest in service, up to 40 years. 

2. The low-pressure oil-filled type--second oldest. 

3. The hi-pressure, oil-filled, pipe-type cables-- 
the newest and most predominantly used in 1970. 

A description of 2 and 3 will be found in Reference 1A, 
Appendix A, along with an explanation of the difficulty 
of repairing cables with faults (also Reference 4 in the 
bibliography) . 

A "fault" in a cable may be of various types: 

1. The conductor may be completely "open," that is 
burned or broken in two. 

2. There may be a direct short-circuit, zero resis- 
tance, between a conductor and ground, the conduc- 
tor's metallic shield--the "solid" fault. 
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3. There may be a fixed or varying resistance between 
the conductor and ground, of either high or low 
res is tance character. 

4. Lastly there may be the "arcing" fault which oc- 
curs only when the voltage stress between conduc- 
tor and its shield goes above a limit, which may 
itself vary as the path character changes from 
moment- to -moment . 

Most faults were of types 2-4, and for pipe-type ca- 
bles, type 4. More modern protective relays were being 
used to clear faulted lines faster with less burning and 
reduction to low resistances at the time of failure. Thus, 
an increase in frequency of arcing faults was to be expec- 
ted. 

Cable sheaths are accessible only in manholes or at 
those points where the cable comes out of the ground, and 
conductors themselves are accessible only at terminations 
or "potheads." Fortunately, an underground three-phase 
cable was available for tests by Philadelphia Electric 
personnel and simulated faults could be "practice- located. " 



FAULT" LOCATING TECHNIQ U E SPECIFICATIONS 

John felt that due to the .great complications of re- 
pairing a cable—long, very careful re-taping at splices-- 
a location precision of at least 0.1% should be attained; 
e.g., a fault located 6000 feet away from a given manhole 
should be actually not more than 6006 feet nor less than 
5994 feet away. 

Further, it was clear that the method developed should 
be as rapid and independent of operator skill as possible. 
John knew some present techniques practically required a full- 
time specialized operator. 

Of course, safety, since hi-voltages would probably 
be encountered, and inexpensive equipment were design spec- 
ifications. 

The minutes of the 1961 evaluation meeting recorded 
that "it was generally affirmed there was no single meth- 
od known to the industry that can be relied on in advance 
to locate all the different types of faults that can oc- 
cur." However, it was only natural that John considered 
it worthwhile to develop a method as universal as possible. 
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METHODS £0R LO CATIN G FA ULT3 

"We reviewed all then-known methods before beginning 
our own work/ 1 said John, "and found general agreement that 
arcing faults presented the greatest problem. 1 ' 

These various methods for all faults fell into two 
classes- - tracer methods and measurement method - . Tracer 
methods depend on the ability to detect current directions 
nn the cable sheath in the fault vicinity, when a test volt- 
age is applied to the cable, or the detection of sonic vi- 
n Tuitions created by an imposed arc at the fault. The dif- 
ficulty of getting close to the cable and the interference 
j.rised by other electrical or acoustic noise made these 1 
Mv'tUods difficult to apply on buried cables h, crowded ur- 
ban areas. However, (or pin-pointing ^ fault lifter it h?nl 
h-.-t-vi roughly located by other means, the sonic detector 
.i ooked intcres t ^ng. 

John felt measurement methods should be investigated 
f'i. , Perhaps rough- locating schemes could be made more 
precise. Also among them was a method which had the appeal 
of universal i ty-- the Reflected Impulse , or "radar/' method, 
The Electric Light and Power article said the method was 
very' effective on open circuit or low resistance faults, 
iiigJi- resistance faults could be "burned down 11 by applying 
a hi -voltage DC for a period of time. i ; or arcing faults, 
perhaps a large voltage could be used as the transmitted 
pulse and an arc created which could be reflected and mea- 
sured, (See Reference 2A on page 8A of Appendix A, for 
a layout of this method.) Also the method was said to hv 
about as accurate on resistive faults as a widely used bridge 
method, Murray Loop, which could not be used on arcing fault 

Another method called Impulse Timing was noted as be- 
ing applicable to arcing faults . It consisted of slowly 
laising a DC voltage applied to the cable until the faul » 
point arced over. (See Reference 3A, Appendix A.) The 
ELP article, however, said that "it was thought that when 
it "was developed, it could be extended for use on other 
tvpes of cables 1 *; i.e., the method clearly had not been 
proven out, 

John was somewhat concerned about the oscilloscope 
methods as they demanded very precise timing of pulses. 
It was difficult to read pulses with that much precision, 
0.1 ysec, since wave- forms varied. The sweep delay feature 
would help, but even with that, there were no nice, sharp 
right- angle corners to lay against a given time scale . 
This problem would have to be overcome. 
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John also reviewed the theory of propagating pulses 
on transmission lines. Polarities of 'wave forms reflected 
from open or short-circuited lines were important. But 
any solution of transmission line equations for such compli- 
cated geometry as a pipe-type cable was rather out of the 
question. John felt that amplification of received pulses 
would not cause much trouble since he needed only a few 
volts to display on the scopes, and pulses would be several 
10 f s of KV in magnitude. 

The literature search showed John that actual success- 
ful field experience with hi-voltage pipe-type cable was 
very limited. One article he found said that, !! The failures 
that have occurred have been in splices and the explosions 
were sufficient to blow the lid off the manholes! Reports 
of the failures were received from the public only a few 
minutes after they occurred. " (Reference 2 in the bibli- 
ography.) Clearly, somebody had to come up with something 
better ! 



FIELD-LAB EXPERIM ENTAT ION 

In his Interim Progress Report of June, 1967, John 
Burns stated" "This project had its start in chance obser- 
vations.... In addition to the fact that no other feasible 
scheme had been proposed, this scheme was actively pursued 
because of its essential simplicity. Whether that simplic- 
ity should be characterized as elegant or simple-minded 
remains to be seen, since the road to realization has been 
rocky indeed." 



First Work 

The December 1961 meeting resulted in a plan to con- 
duct in February, 1962, field trials on an underground pipe- 
type cable located in a PE substation, Plymouth Meeting. 
Weather interfered and delayed work until April. The ob- 
jective was to incorporate a sweep-delay circuit into a 
Tektronix 507 scope and, using an impulse source, to try 
the Reflected- Impulse method. John felt at the time that 
this method, if it could be worked precisely enough, would 
give the most universality. The results of these April 
field tests were not good. (See Exhibit 1A on page 9A of 
Appendix A for John's first plans and Exhibit 2A, page 10A, 
for a report on these tests.) 

Exhibit 3A, page 13A, shows pictures of traces record- 
ed when attempting the radar method. The photos obviously 
support John's statement that poor resolution, i.e., hard- 
to-read records , was encountered. Each trace represents 
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trials for 40 KV, 30 KV, and 26 KV (DC volts) discharged 
from capacitors at the end of the line- -discharging into 
the fault, measuring the return wave after break-down of 
the arc* John had no time to try the impulse- timing meth- 
od. 

The July 16th report (Exhibit 4A) summarized again 
the troubles encountered and indicates that lab tests on 
model circuits were initiated. These tests continued on 
and off during the rest of 1962 and first part of 1963. 
By this time John had definitely written off the radar 
method and was spending his effort to perfect the self- 
discharge, or impulse- timing , technique . The reason for 
this is made clear by studying Exhibit 3A and noting John's 
statements on the June, 1963, report (Exhibit 5A) . 



Experience With Commercial Equipment 

In the fall of 1963, PE engineers made a decision to 
try out some equipment being sold by a sales engineer rep- 
resenting several commercial firms . This field test in- 
terrupted John's work in the lab, of course, since he had 
to participate and observe carefully. There were several 
tests on faults of all types using this equipment in Sep- 
tember, October, and November. PE was particularly inter- 
ested in this equipment since the makers said it had an 
effective acoustic pick-up which could be used to pinpoint 
the arcing fault. However, John felt that the basic tech- 
nique used of discharging into the fault was unreliable. 

Minutes of a meeting on October 16, 1963, record: 

J. J. Burns stated that his research 
into similar equipment ran into a real 
problem because of the time delay which 
occurs between impulse and the time 
that the fault actually flashes over. 
A difference of a few microseconds can 
result in a considerable error in lo- 
cating the fault. 

Skeptical as to the possibility of any positive re- 
sults, John attended all the tests and operated the hi- 
voltage voltage scope, Polaroid camera, set-up, and so forth. 
In the course of some tests, several photos similar to Ex- 
hibit 6A, Appendix A, were taken, John noted these care- 
fully. 

It was found that in order to have the arc-over point 
more or less consistently occur at the same point in the 
wave-form, a very much higher peak DC voltage pulse had 
to be applied than really necessary to break down the arc. 
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"Final Conclusions" of a report in December, 1963,' 
state: 

1. The sound pick-up equipment, as 
demonstrated, has no practical value 
on pipe- type cable faults. It may 
have some value when used on buried 
cable . 

2. The tests conducted at Plymouth 
Meeting were unusually severe, in 
that many variables have been built 
into this experimental cable in- 
stallation and at this time no one 
is sure what conditions exist at 
the various joints. 

3. The impulse-photo technique as 
demonstrated, did not provide in- 
dications reliable enough to locate 
faults in pipe-type cable. 

4. The limited tests made indicate that 
an impulse to flashover voltage 
ratio of 5 or more will be required 
to assure satisfactory results with 
this technique, assuming that all 
other factors are satisfactory. 

A voltage limitation of 80 KV on 
any manufacturer's equipment will 
be far too low. 

5. The search must be continued for 

a reliable method to locate faults 
on pipe-type cables up to and in- 
cluding 230 KV. 

This series of field tests had taken a great amount 
of effort. The commercial equipment had given negative 
results on arcing faults in pipe-type cables, and indeed 
had located in several cases only the other end of the test 
cable, not at all the real fault! 

John carefully recorded all tests and wrote reports 
to the head of his research section. Frequent discussions 
also were held. The project remained a keen interest of 
Operations Transmission - Distribution (Underground) Sec- 
tion and the Engineering and Research Section. 
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More Lab Work 

Following the series of tests in the fall of 1963, 
John decided to pursue his own lab work centering around 
the impulse- timing or self -discharge method. Observation 
of many test photos had created in his mind several possi- 
bilities to try out in order to get "cleaner" scope traces 
and better timing. Year's end, 1963, saw a comprehensive 
report to his senior and a proposal for more construction 
and testing in lab of a system. 

Transmission Line Basics (Appendix A, page 17A) re- 
views some fundamental transmission line theory which helps 
in analyzing scope pictures. 
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CABLE FAULTS 
MUST BE FOUND FAST! 

Today's skyrocketing costs put a premium on equipment 
that can locate faulted cable fast and accurately! 



Illustration by courtesy of the J. G. Biddle Co., Plymouth 
Meeting, Pa., makers of fault-locating equipment. 
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UNDERGROUND LINES 

(Excerpted with permission of the. Federal Power Commission, 
from Underground Power Transmission . Report to FPC 1966 

pgs. 20-22, 25.) ' 

Types £ Uses 

The commonly used underground transmission cable has 
copper conductors covered with high quality insulating paper. 
This paper is kept saturated with oil to improve its elec- 
trical insulating properties. There are two major types 
of cable-- M low pressure oil-filled" and "pipe- type . " 

In the "low pressure oil-filled" cable a protective 
lead sheath surrounds the insulation to keep moisture out 
and the oil in. The oil, at low pressure (3 to 20 pounds 
per square inch) penetrates the insulation from channels 
located in the cable. In single conductor cables, a "hol- 
low core" in the multi-stranded conductor provides this 
path (Figure 1). The oil is not normally used for cooling 
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cable sections are joined by splicing. The manhole must 
be large enough to permit the cables to be pulled into the 
ducts and to allow for linear expansion of the cables, must 
have an entrance at ground level, and should be near an 
all-weather road that would provide access for cable trucks 
tor installation and maintenance. Low pressure oil-filled 
cable is used predominantly where the terrain is relatively 
tlat and where multiple-ducts can accommodate several cable 
circuits. If the difference in elevation is too great, 
the internal oil pressure could rupture the cable sheath 
or cable terminals. To prevent this, special "stop" joints 
are installed at critical changes in elevation to section- 
alize the cable into separate sections to keep the oil pres- 
sure within tolerable limits. P 

With the "pipe- type" cable, three single conductor, 
paper insulated cables are located inside a single buried 
steel pipe (Figure 3) filled with oil at high pressure (200 
pounds per square inch). Pumping plants are needed to 
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maintain this pressure and to compensate for the effect 
of temperature changes. Nitrogen gas, instead of oil is 
sometimes used. 



Typically, this type of cable can be pulled into half- 
mile lengths of pipe. As a result, manhole, cable pulling 
and joint construction costs are reduced. Also, the steel* 
pipe provides a high degree of mechanical protection to 
the cables, adding to their reliability. After a recently 
completed industry research project to develop 345,000 volt 
cable, the pipe-type (at this voltage) was installed in 
New York City. 

Although the basic principles of cable design, instal- 
lation, and operation may appear simple in concept, they 
are difficult to realize in practice. For example, high 
voltage cable splicing requires meticulous attention to 
details. Oil saturated tapes must be carefully wrapped 
over the joined conductors in a particular arrangement to 
distribute the electrical stress evenly along the insula- 
tion. Moisture must not enter during the splicing opera- 
tion. Oil paths must be provided, shielding tapes restor- 
ed, and protective sheaths replaced. Splicing a cable is 
a painstaking and meticulous procedure. Requirements for 
cleanliness and precision are similar to those usually vis- 
ualized for a surgical operation. Each splicing for a 345,000 
volt cable may take eight 24-hour days or more. Oil reser- 
voirs and pumping systems and their piping and controls 
for supplying oil to the interior of a high voltage cable 
must be built for reliable continuous service. All of this 
contributes considerably to the high cost of underground 
cable installations. 



All underground transmission cables require trench 
digging for the installation of ducts or pipes. The sur- 
rounding earth must dissipate the heat generated in the 
cable. Where the heat transfer capability is poor spe- 
cial soil may be placed around the cable to remove the 
heat, but this involves a considerable increase in cost 
Cable lines must be firmly supported and the earth arouAd 
tnem must not shift, so the backfill must be placed care- 
rully. in undeveloped areas trenching may be relatively 
easy; in rocky, swampy, or congested areas it becomes a 
major problem. Power demands are usually heaviest where 
there are structures, roads, and utility services of all 
Kinds. A cable system may compete for underground space 
with water and gas pipes, sanitary sewers, storm sewers, 
telephone cables, steam pipes, and subway tubes. Thread- 
ing new power cables through an existing maze of other pipes 
and lines is a costly undertaking. 
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Because of factors such as differing underground con- 
ditions and power demand densities, it is not possible to 
meet all needs with one cable type. A selection of the best 
cable type must be made for each project. 



Repair 

In general, underground lines are free from weather 
problems and, therefore, have fewer interruptions than over- 
head lines of the same length. Cables , because of their 
concealed location, are subject to accidental damage by 
construction crews, or others, who puncture or injure them 
while digging. Cable lines, like any other metals buried 
in the ground, will corrode; hence, they are often covered 
with special corrosion resistant material. This is costly, 
and sometimes additional and more complex preventive meth- 
ods must be used. 

When failure occurs in a cable, the duration of out- 
age may be from a few days to several weeks. To understand 
why so much time is required, consider the steps in repair- 
ing a pipe-type cable. First, the location of the failure 
must be pinpointed; it is usually not detectable by above- 
ground observation and requires the use of specifically 
designed fault-finding equipment. Then the pipe is expos- 
ed by excavation, and the oil is frozen (-50°F.) to prevent 
its flow. The pipe is then removed from the faulted area 
of the cable, and the damaged section of cable replaced 
and spliced by the very meticulous process previously de- 
scribed. The pipe is then replaced and the ground return- 
ed to its original condition. Fortunately, the failure 
rate of pipe-type cable is low. 
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REFERENCE 2A 

REFLECTED IMPULSE (RADAR) METHOD 
(Courtesy of Electric Light and Power , Oct. 1, 1961, pg. 21) 



OSC 




Technique : "Elapsed time appears as a time difference be- 
tween the transmitted and reflected pulse on 
a calibrated trace on a CRO. Calibration is 
done by switching to a non-faulted conductor 
and using the end of the cable to adjust the 
calibration circuits . " 

(where is velocity 

of propagation on 
the cable) 

(if L is known) 



Relations 



2D 
2L 
D 



V T i 



V • T 



= L 



T7 



7A 



ECL 193A 



REFERENCE 3A 



IMPULSE-TIMING METHOD 



(Courtesy of Electric Light and Power , Oct. 1, 1961, pg. 22) 



an unfaulted phase 



faulty phase 




next man- 



jumper 



Technique : Calibrate by applying a low-voltage impulse 
to the faulty phase terminal and measure the 
time for the impulse to complete the entire 
circuit (2L distance). Now raise the voltage 
on the cable until the fault flashes over. 
The time recorded is then the difference be- 
tween the time to travel D and 2L-D. 

(velocity of propa- 
gation) 

(time difference 
measured) 
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Kay 1, 1962 



cases gAiag i^gjgg 



During the week of April 9, 1262, fault -locating tests rare conducted on the 
esrcoriEental Oilcstatic cable installation at Plymouth I&eting Substation. Both 
bridge and iiapulse rasthods irere investigated, vith the Kobile Isols:: test set 
and impulse generator used by Service Maintenance Section as the poorer source. 
SnelsEent veaiber lisnited the amount of testing that seeor^plishsd. 

With a constant high-resistance fault, simulated by an arrangement of vXre- 
vound -resistors aggregating O.75 Gagohs, approsiEately 25 kv was applied to the 
Eorse-Nevhall bridge to produce a suitable Ensuring current. Two circuit arrange- 
ments rare eaployed, as illustrated in Diagrams 1 ard 2. 

With the three phase conductors connected in series, es in Diagram 1, and 
with a simulated fault at point S, no balance could be obtained. Possible reasons 
for this difficulty are aotf being analyzed. 

With two- phase conductors in series, as in Diagram 2, balance -mn obtained 
for sistulated high-resistance fa\>lts at points X, Y and Z. The bridge measure- 
ments are summarized in Table 1. 

A bridge balance vas not possible when an arcing fault was substituted for 
the resistive fault. Voltages up to hO kv vere used in an unsuccessful effort 
to maintain a steady arc. Siisa did not permit attesting to reduce the fault to 
a constant resistance. 

Fault location by impulse reflection was attempted using a high-frequency 
oscilloscope connected to a voltage divider at the surge generator location. 
Tests were siade both on a single phase and on the three phases connected in series. 
Solid, high-resistance, and arcing faults rare applied to the circuit. She re- 
sults vere in many respects disappointing, probably because of shunting of the 
received reflection by the capacitance of the impulse generator. In reportedly 
successful use of this Bathed by another utility, the voltage divider was located 
at the end of an unfaulted phase of the line being investigated, with that phase 
tied to the faulted phase at the end remote froa the impulse generator. 

The high-voltage test set vas used as the. impulse generator. KcasureEeat of A 
fault-initiated ispulses as the cable t?as slowly brought up to the fault flashover 1 
level Tias not attempted. ' 

The delayed scope trigger circuit vzs successfully employed and the increase 
in precision thus obtainable vas demonstrated, although the uncertainty of the 
fault indication made the record esiferesely difficult to evaluate. 

Ho techniques using SGnic Eeasuresieats vers attempted. 
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C 0 


X 


512,8 


511.7 


5 


0.11 


2 


c <5 




x 


500-3 






1 9 


5 


B 0 


C 0 


Y 


*#2.2 


lj.90.0 


10 


0.22 




C 0 


B 0 


Y 


519.1 


510.0 


ko 


0.9 


5 


B 0 


C 0 


Z 


9S0.7 


978.0 


12 


0.27 


6 


C 0 


B 0 


Z 


25.7 


22.0 


7.5 


0.17 



Tot-al loan resistance uas s^astared as 0*1059 dhm^ trhicli^ subtracting r^as'jred 
3?esiGtmice of fcfco connecting lea&Sj yields a calculavied. conflucoor t£r:ipo?:£tti?e of 
7°C* Calculations *rers ssde usiag Vols 'iei^crauuro and ths 5:ocorded lengths and. 
conductor sises of tk3 installation. 
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^^J™ incision of the high-voltage brieve aaasurerasnts described above falls 
e ? POCied °r^' . 2 * that this nay 03 duo in large Lasure 

"! ^* a * ,A0a3 J - n resistance of -the connecting leads. StasSa-d safety 

ware used for the bridgs leads, and the adepts p 2 ds vere polished 
i^c? co col-aag the connective. It is probable that significantly better 
*c. ; u^o can bo obtained v:ith silver -plated lugs and higher os sura connections 

?^?cI^ Z T^^- f 2 rlea S 1CI1 ° f f? 3cia J ^ e Careful procedure 

00 vc-ify 'onat good connections bave been safe, fee possibility 
^ error caused by unbalanced capacitance charging current at rectifier ^rJ Q 

g^TL™ °° ^J?****- » «W«» that a bridge nsasurenont caS 
be moo on an arcing fault unless it is reduced to a constant resistance. 

r ^3* 0VJS J°™ <* oscillographic impulse technique vhich vaa used is not 
pressing. Several variants of this technique exist and are to be evaluated. 
1* is hoped tnet such of this evaluation can be cade on E oSel circuits in t£ 
^STJSJ' although simulation of the intercalated helical shield may involve 



V J A ^^? i G scheduled for 10:50 A. li. Friday, Key k 9 1962, m the office of 
lines o? SSrtJiSSr 8 Pr03reSS S ° **' *° SUVV ° y P ° 3Sible 




J. J. Burns 




«JJ3:L3 
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EXHIBIT 3A 




Photos Taken Using Impulse-Radar Method. Hor. (1 ysec/cm) ; 
Vert. (4.2 KV/cm) Discharging into fault. 
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Project No 0 _ Jt26&. 



5,29 9-923 



Dat© 

• m 



Sub j sct__ i ^ys^^K^ FAULT LQCATI1K? 



Project Engineer^ JJB 



Cg>lg_.r _ft*ult Locating I^ ui paont 



Developments Since Last Status Report Date d agam 

Breadboardcd delay circuit successfully used in field tests at Plymouth Meeting 
April 10 and 11. Poor resolution of the indication of fault location and erratic 
fault tinao-letf indicate need for further refinement in technique, (int. It^as U/« 
Meao Wl/62, Meeting b/±/62.) ^ '* 



Present Status 

Investigation of modal circuits to be undertaken in laboratory to seek explanation 
of difficulties encountered in field and to determine optimum techniques for 
next field trials. 



Schedule Changes 

8/1/62 - Construct and investigate model circuits. 
IO/1/62 - Schedule further field tri3ls. 



Completion: 

12/1/62 - Incorporate into general fault-locatin- stud, 
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Project ^U%5^^^ Z ^ m ^ _--_P*q^/^^ 

Project Engineering File„.JP:amt. Locating E_ qu jn. 

Developments Since Last Status Report D ate4_7/l6/62 



Present Status 



Acti y e ' Pr ? rnisin e results are being obtained in the laboratory and further 
refinements are in progress. A s nMch investigation of sonic techniques as tine 
permits wxll also be rcade. E.A. will be prepared covering this year ^activity. 



Schedule Changes 



8/15/63 Further field trials. 

10/1/63 Memorandum on results to date. 



Completion: 

Dependent on results. 

ESH:bisi 
6/23/63 
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Scope Photos Taken During Field Test of Commercial Equip- 
ment. (Note lower traces carefully.) 
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SUPPLEMENT 1A 



TRANSMISSION LINE BASICS (LAPLACE TRANSFORM METHOD) 

A differential element of a two-wire line may be rep- 
resented as shown. All parameters are per length. The 
usual 



1 

1 



equations , 



3V D . T 3i 
3x = Rl + L Jt 



3x " Gv + C 3t 



are written, and from them we get the "Telegrapher's Equa- 
tion," 



2 

3^V 



3V 



2 



^-j = RGV + (RC + LG)-§y + LC^-j 



3t 



for V(x,t), the voltage between the lines, and a similar 
equation for I(x,t). 



Then 



Consider the problem on a lossless line (R = G = 0) . 



3 2 V rr 3 2 V 
3x 4 3t Z 
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or 



V tt (x,t) = a 2 V xx (x,t) if a = -i 



LC 



Add the four necessary conditions (two for time, two for 
space) to solve a problem- -say the shorted line of length 
L with V(L,t) = 0, V(x,0) = 0, V(0,t) = F(t) (an applied 
voltage at x = 0), and V~ t (x,0) = 0. 

Transforming with respect to time, substituting the 
initial conditions and solving the resulting differential 

equation gives V(x,s) = f(s) = K-.e'H. + K 7 e— . 

J. 3- Z 3. 

Transforming the remaining two space conditions and 
solving for K 1 and K 2 will give finally 



V(s,x) = f(s) 



|(L - x) -f(L - x) 



IT 

a 



— > e 



IT 

a 

sL 
a 



Multiplying numerator and denominator by e , and expand- 

2sL 2snL 



ing the factor (1 - e a to I e 



give 



n=0 , 1,2,... 

s (x+2nL) 

V(s,x) = f(s) Z (e a 

n=0 , 1 , 2 , . . . 



will eventually 



s(x-2L(n+l)) 
a 



) 



Now, using the property of Laplace Transforms that 



e" ks f(s) 



we may write 



-FCt-lOS*. 



x+2nL 



V(t,x) = Z F(t- a )S 

n=0,l,2,... *H2k 



x-2L(n+l) 



- F(t- 



)S 

J V - 



x-2L(n-l) 
a 



The expression may be interpreted physically by let- 
ting x = 0, or j, or L, and, summing terms, one may see 
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that the voltage vs. time function imposed at x = 0 travels 
as a wave down the line with velocity "a", reflects from 
the end, travels back as a negative wave, and if the send- 
ing end is now an open circuit, doubles its magnitude (-) , 
while the incoming wave superposes the outgoing wave, until 
the wave has completely left the vicinity of the sending 
end again. (Reference 3 in the Bibliography.) 

The wave on a lossless line imposed, say, as a pulse, 
preserves its shape as it travels up and down the line , 
but when the problem is solved with R and G f 0, the wave- 
form becomes distorted progressively, a much more difficult 
problem of dispersion. 
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ACCURATE LOCATION OF ARCING FAULTS 
ON PIPE-TYPE UNDERGROUND POWER CABLES 



Part B 

Evolution of a Method: 
The Design - Test - Redesign Cycle 



"Failures, repeated failures, are fingerposts on 
the road to achievement • One fails forward towards 
success. " 

- Charles Kettering 
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PLAN 0£ ATTACK 

Following his own ideas, John had already done some 
lab work on cables and had seen more field results by the 
end of 1963. On November 29, 1963, he wrote an over-all 
Interim Status Report where he described his aim: 

It became abundantly clear in April, 
1962, that the impulse- reflection method 
was doomed to failure because of the 
statistical time lag of flashover at 
the fault.... We at that time summar- 
ily dismissed impulse-reflection tech- 
niques , even employing synchroni zed 
passive delay, from further considera- 
tion.,.. 

The philosophy of the scheme under de- 
velopment at the present time is essen- 
tially simple. If a DC charge is grad- 
ually built up upon the cable from a 
source of relatively high impedance, 
the voltage at the fault will eventu- 
ally be sufficient to cause its flash- 
over. There will then propagate from 
the fault a wave of opposite polarity 
which, upon encountering the high im- 
pedance of the charging source , will 
be approximately doubled and reflected, 
and later, when again reaching the 
fault, will be reversed and reflec- 
ted. This sequence of events will 
continue, producing, ideally, a square- 
wave train the period of which is a 
measure of the distance to the fault. 

To eliminate dependence on a knowledge 
of the velocity of propagation in the 
cable--which could not be expected to 
be known to better than a tenth of a 
percent — measurements can be made in 
both directions from the fault, using 
an unfaulted phase as the return con- 
ductor. A quick check on the precision 
of the measurements is possible by com- 
paring their sum to a similar measure- 
ment made using a spark gap at the far 
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end of the third phase. Any influence 
of time lag is completely eliminated, 
and the distance to the f auJ t is ob- 
tained as a ratio, obviating a precise 
knowledge of the velocity of propaga- 
tion. 

No particular novelty is claimed for 
the above--its potential usefulness 
is contingent upon its practical rea- 
lization. 

John added, "The decision was supported by laboratory 
trials on insulations of widely different high-frequency 
characteristics . " 

The time lag of flashover and the squarish wave train 
are shown in Apper.uix A as Exhibits 3A and 6A. 



A. DIFFERENTIATING NETWORK AjfcJH OTHER IDEAS 

John decided he would differentiate the pulses in or- 
der to try to eliminate so much subjective judgment from 
interpretation. After all, the final technique was to be 
used oy hard-pressed field maintenance men. The idea was 
both to voltage-divide--the scope had to be protected- -and 
differentiate the pulses arriving from the fault's self- 
discharge. He asked for and was granted funds to build 

a 135 KV network with a rise-time of 10" 9 seconds. 

The year 1964--remember that John was working on many 
projects simultaneously — saw the construction of the net- 
worx and much testing in the lab. Parasitic oscillations 
led to the insertion of damping resistors. A field test 
resulted in grading resistor flashover, due to a dv/dt 

greater than 10 12 v/sec, not readily duplicated in the 
lab, and this unbalance in voltages -ruined some of the 
network capacitors. Zener diodes were also tried, both 
to limit the signals and to introduce a threshold value 
in efforts to "clean out a lot of the hash." Another idea 
occurred--to separate positive and negative going pulses 
with use of more diodes. John decided he had to use high- 
quality vacuum capacitors to guard against breakdown and 
further serve to eliminate parasitic oscillations due to 
common capacitor lead inductance. (His 1964 progress re- 
port is shown as Exhibit IB, Appendix B.) 

In 1965, other work prevented full time attention but 
the new network was completed and tested in the laboratory 
with good results. Plans were made for field testing at 
Plymouth Meeting in 1966, when weather permitted. 
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PISAPPOINTING FIELD TRIALS 

Instead of testing in Philadelphia, John was invited 
to be one of many participants at a series of tests held 
by Consolidated Edison in New York City in May of 1966. 
John's report on this event showed that, under severe en- 
vironmental conditions, almost every conceivable method 
was attempted to locate faults imposed on one of Con-Ed's 
lines . 

John said, M In one case the signals picked up by a 
certain tracer method were stronger on the water-main sys- 
tem supplying the fire hydrants in the area than on the 
cable pipe!" These tests went on until the early hours 
of the morning. 

None of the methods, including John's, gave very good 
results. However, John's was one of the two most precise 
out of the dozen techniques and was the only one that gave 
any indication of the location of the arcing- type fault. 
Nevertheless, it was not anywhere as precise as John had 
hoped it would be. n The precision was some two orders of 
magnitude poorer than our target, M said John, M and I began 
to feel that the original aims might be intrinsically un- 
obtainable. 11 (See the photo, Exhibit 2B, Appendix B.) 

The scope records from the New York tests showed that 
the cable attenuation was introducing dispersion of the 
different Fourier components of the pulse forms, represen- 
ting a loss of information. For a precision of a small 
number of feet on a circuit of many thousands of feet, 
terminal measurements, it now seemed, would have to be 
supplemented by field techniques - -perhaps a hydraulic- 
timing or direct-audio scheme, using an arc-generated sound 
wave in the high-pressure oil. 

In recovering from this disappointment, John reflec- 
ted that, really, his lab tests had been quite good, that 
he had not had a chance to test in the field in a more care- 
ful manner, and that, in the last analysis, tests on known 
faults could lead to development of a set of curves giving 
indicated vs. actual distance. He decided to continue field 
testing on 13.8 KV paper-and-lead cable in the field rather 
than the low loss RG-8 polyethylene coax he had used in 
the lab. 



P 5SI6N 



June 1967 saw 
field tests on the 



another interim progress report. The 
13.8 KV cable were begun in spring, 1967, 
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but were interrupted and finally "due to circumstances, 
the cable at 1 G ! and Luzerne Streets, Philadelphia, became 
no longer available for testing." While the use of a dif- 
ferentiating, voltage-dividing network with "threshold 
clamping, amplitude-clipping, and polarity steering" gave 
much cleaner wave shapes, John still had trouble with flash- 
over and parasitic oscillation. These problems, combined 
with much lower output voltages than designed for, prevented 
attainment of the desired precision. But John had a few 
good photos to show. 

In his reports, however, John wrote, "The comments 
arising from those oscillograms were about equally divided 
between partial solutions and new problems." 

This June 1967 report concluded with a proposed plan 
to rebuild the coupling network with "substantially increas- 
ed capacitance and with an improved arrangement of the semi- 
conductor elements." Then there were to be more field tests 
on paper-lead cable, to be followed by testing with a sim- 
ulated fault on the Plymouth Meeting substation pipe- type 
cable. 

Figure IB, Appendix B, shows the set-up used at this 
time and the network which John intended to modify. 



PROGRESS TOWARD THE END 

Other work again prevented full-time effort on the 
project, but John's December 1968 status report reflects 
a new optimism. (See Exhibit 3B ? page 4B.) Use of an elec- 
tronic counter was now proposed in order to avoid dependence 
on scope traces. The new network had been built and tested 
well in the lab. 

The year 1969 saw additional lab testing and the acqui- 
sition of a counter. Plans were made for field testing 
in early 1970, when weather permitted. During the summer 
of 1970, field tests of the new network, using the counter, 
gave at last the results wanted. (The new network configura- 
tion is shown in Figure 2B, page 5B.) 

Plans were made to demonstrate use of the technique 
to Transmission and Distribution personnel and recommend 
purchase of additional instruments by Service Maintenance. 

Figures 3B , 4B, 5B in Appendix B, show some of the 
equipment developed as well as a field test being conducted 
by John Burns . 

Figure 6B and Exhibit 3B, Appendix B, depict and briefly 
describe the final procedure as written up by John Burns 
in an instruction manual for use by field personnel. 
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F?r.y%AVQ!i p;:o£ status je j^rr 

PIFI-TYPUCABLK KaUL? LOC.Vf.EG 



Project lio,: Zj365 



rrojoct Eh£ineer* J* *J# Burns 
Started: January 6, 1962 

Hirfr-valtngo coupling notmrk was constructed and modified to eliminate 
parasitic resonances Vory-hi£ii-apaed eli|i:in£ circuit v;ns added to limit input 
to treasuring dovico. Wry prondsing oucillo^r.^ of i-anufactured fault on co- 
axial c^blc versa obtained in the laboratory* {$/<Zbf(>Q 

2nd J>jj irt^r^lgou.: 

^ Field testa on o5qperir.csitaX pipe cable at Ply-cuth footing were conducted 
on May 5, using oscilloscope as indicator* Analysis of the o.5cillojr.W: indi- 
cates that there cdtht.r fl.i&hover or dielectric breakdown in the coupling 
nutv&rk during tho e.*Ui& uiachsr*:** hcad^blo indication of the fault loc<aian 
was not obtained* The o^clllo^aas show a rsuoh r.:>ro isurkvd deterioration of the 
alo, c of the reflected waveform them i/aa axpcrJu&cbd vith tho l:*bor.?tory coax 
a cireua3t«nce which be partially duo to the network failure*. In addition 
rather pronounced coupling of arc noise onto adj«»ctt»l phauu* was observed* 

Consideration is being civen to th* use of .yscuuki cnuacitors in the 
coupl in» n^t wo rk . ( 7/2 U/i>K ) 

ftrd garter 

Network u&inr 32-lnr, 12-pf governnerit-surplus capacAtorr. v^s built v*h;.ch 
gave- very low output voltage, but demonstrably correct tire interval:-" >-.-h<-n used 
on 3-kv coax setup in laboratory « Capacitors failed when network war, i^intls.-tf . 
with fron £urj*e f#.norator, Cince or:s canacitor had previously i.^^n sub- 

jected to :oov?er area dvrin;; I\ Ekvall'e vacmtw-arrc-Gt^r invests gnti'jnrj. itrv 
initial integrity is suspect. «3 now plan to ur.e hiph-cr.ality vacuum. e:r? v:;i.tors 
with adequate c&cacitance to give a larger output voltage* (12/3/64) 

_/ r th Quarter UO hours £1*045.00 

ftrauso fiutfcoriaf.ticc approved 12/29/64 for fabrication divider, i^iii- 
ccticn cf f*v;lt snd fic3ji testing e t Plymouth KcetinjL. 

Pliui to cor.dv.ct field teste appraiurtel? April 1, lv'65. (l/Z:/i$) 
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Scope Photo from 1966 New York Tests: 

Data: Top: 50 ys/cm (H) , 1 V/cm (V) 

Middle: 20 ys/cm (H) , 1 V/cm (V) 
Lower: 10 ys/cm (H) , 2 V/cm (V) 



Scope triggered when pulse from fault arrives. The 
indicated 2-way travel time is ^ 40 ysecs. Fault 
was 8500 feet away. Indicated wave velocity = 
425 ft./ysec. 



Exhibit 2B 
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Duplicate 
Network 



Hi R 

AAAW 



Cable 



± 



Good Phas 



Arcing Phas 



I ^^2 ^ " * * ^ ^ 




Values : 



C 1 (2) Vacuum Cap., 100 uuf, 60 kv 
Rl(2) Wirewound N.I. Resistor, 15/1 
R 2 (2) Resistor, 36 Meg, 50 w 



R 3 (8) Resistor, 50rt, 2 w 
CRjCA) Zener, 27 v, 50 w 

CR 2 (10) Diode, 1 a, 600 piv 



Figure IB: 1967 Network and Set-up 
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E3SFARCH FK0J2GT STATUS REPORT 



FI?S^jTI s E C/aLS FAULT .LOCAglirO 



Project lio* ^365 
Project Engineer; , 



J. J* Burns 



Requested by: Electrical Lngiroerlxc 
Servico Maintenance 



Started: January 8, ipo2 
Closed: 




?bo higa-voltsge coupling network, featuring substantially Increased 
capacitance end provision for optimizing the effective capacitance in relation 
to the breakdown voltage of the fault, has been acscrkled in final form end 
successfully tested on a variety of simulated faults. 

Techniques for conditioning the output sicnal exe essentially fully 
developed* Use of en electronic counter for translt-tico ceaoi^ercent is 
vioualiacd txo the nerrt step, from vhich Beastsrencnts curves vill be prepared 
indicating the relation between apparent end ©ctuol distance to the faults 

Study of a cub si diary prdblen, involving anasaloua inaccuracies of the 
Moree-newfcall bridge, haa been ectively undertaken. 
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Figure 2B : New Network 
5B 
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Isola Ling 
Resistor 



DC 
Source 



Good Phas 



Faulty Phase 



I J-length of j 



umpe 



Fault Location 







+ 


— » 


Coupling 






Network 1 


TL 



Coupling 
Network 2 



nj__n n. 



~~u u — ir 



fi 



Scope Traces (4) 



u 



Timing : 

tj: Start on short-way (+) ; stop on short-way (-) 
t : Start on short-way (+) ; stop on long-way (+) 
t 2 : Start on long-way (+) ; stop on long-way (-) 



Figure 6B : Setup for Arcing Fault Location 
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PROCEDURE FOR FAULT LOCATION 

(BY JOHN BURNS/ JULY 1970) 

The most usual employment of the system for an arcing 
fault on a s traight- forward , two-terminal line involves 
placing a jumper between the faulted phase and a good phase 
at the remote terminals of the line , and connecting a cou- 
pling network to each of these phases at the line terminals 
where the measurements are to be made. Care must be exer- 
cised in making the ground connection to the network so 
that no extraneous circuitry (supporting steel, station 
ground copper, or, especially, slip-on current transformers 
if such are present) is included in the loop comprising 
the pothead and tlie network; and that the ground strap con- 
nection is made to the actual sheath or riser pipe of the 
cable and not to an arbitrary piece of station ground cop- 
per. If there is apparatus, extensive bus work, or a tran- 
sition to aerial construction connected at either of these 
locations, their connections should be lifted at the pot- 
heads . 

The DC Test Set is connected, through an isolating 
resistor suitable for the test voltage expected, to either 
phase at the measurement end* (See Figure 6B . ) 

Connections are made from the network output terminals 
to the input patch panel and from there, in accordance with 
the proper diagrams, to the oscilloscope and counter. The 
four cables between the networks and the patch panel must 
be each of the same length , and , of course , properly iden- 
tified at the patch panel. 

The voltage of the DC Test Set is then brought up to 
a level sufficient to cause breakdown of the fault every 
few seconds. The oscilloscope controls are adjusted to 
provide a stable display in the "alternate" mode, which 
are examined for the possible presence of spurious infor- 
mation, in which case appropriate remedial measures are 
taken. 

In accordance with the detailed instructions, connec- 
tions to the counter are made in each of the specified modes 
to yield the three time measurements: t^, t2> and t^. 

It is suggested that eight to ten readings be averaged for 
each value. It should be verified at this time that the 
constraint condition, t^ - (t^ - t^)/2 is satisfied within 
the experimental error. 
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The treatment of these data depends upon the precision 
necessary for the particular localization, and upon the 
accuracy with which the actual cable lengths are known. 

1. For a routine circuit fault, where location between 
manholes suffices , the distance to the f aul t is 
given as the product of t-^ and v f , where v ! is 

the effective "round-trip" velocity indicated on 



Curve I for the measured value of t 



1 # 



Since the 



other two measurements are not used in this rough 
method, the phase-to-phase jumper and lifting of 
terminal connections at the remote end are not 
necessary unless it is desired to have the "self- 
check" inherent in evaluation of the constraint 
condition. 



2. For more refined calculation of the distance to 
the fault, the following five formulas are avail 
able: (for t r 



(1) 
(2) 



X = 



see Figure 6B) 




D 
J 



D 



(3) X = t-jV' 



(4) X = 



D 
1 



t v* 



(5) X = D 



Where: D = total length 
= 2L + J 

and: v 1 = effective "round- trip" velocity 
{h actual wave velocity) 

It is to be noted that the first two formulations do 
not require prior knowledge of the effective propagation 
velocity, but, rather depend on an accurate knowledge of 
the actual length of the circuit; whereas the third formu- 
lation requires no knowledge of the total length of the 
line. 
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It is anticipated that as a body of experience with 
the method is accumulated, more refined and precise esti- 
mates of the effective velocity will be available, as will 
be a curve for correcting the time ratio (the terms within 
brackets in formulas 1 and 2) into almost identical but 
more precise distance ratios. 
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INSTRUCTOR'S GUIDE 

CASE TITLE ! Accurate Location of Arcing Faults on Pipe- 
Type Underground Cables 

RELATED UNP E RQRAPU A TE CURRICULUM AREAS : 

1. Engineering analysis and design methods (electri- 
cal engineering orientation) . 

2. Applied mathematics (transmission line equations, 
boundary value problems) . 

3. Signal conditioning methods (differentiating cir- 
cuits, wave clippers , Zener diode applications) . 

4. Power system analysis (underground transmission 
line maintenance problems). 



SYNOPSIS ! Maintenance of underground transmission lines 
can be expens i ve and time consuming, A group discussion 
among engineers at the Philadelphia Electric Company re- 
sulted in the assignment of a young research engineer to 
study and evaluate all known methods for locating inter- 
mittently-arcing faults on underground cables and to develop 
an improved method. What appeared at first to be a rela- 
tively simple problem turned out to be one fraught with 
many difficulties. Theoretical transmission line analysis 
was useful but limited, and experiments both in the lab 
and in the field were necessary and sometimes very frus- 
trating. 

Discharging a pulse into the fault and timing its re- 
turn (a radar- like method) was found to be unreliable in 
fixing the location of the fault* The investigator tried 
an alternative method- -charging up the cable and allowing 
it to break down at the faulty point. Consideration of 
the transmission line phenomena involved resulted in for- 
mulae into which times gained from scope displays of wave- 
forms travelling over both faulty and good phases could 
be substituted. Thus appropriate distances could be cal- 
culated. 
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QUESTIONS EQR THOUGHT DISQUSSIQN: 
After reading Part A: 

1. What events and trends initially motivated the 
company to begin the project on fault location? 

2. Why was John Burns asked to attend the meeting 
which began this project? 

3. Why was it felt necessary to locate faults with 
a precision of ± 0.1%, the design objective of 
the project? 

4. What are the various methods for locating faults 
in UG cables? Discuss their advantages and dis- 
advantages . 

5. Note that both a literature search was made and 
also, at one time in the project, a consultant 
was called in to demonstrate his equipment. What 
were the results of these actions ? 

After reading Part B: 

1. What part does transmission line theory play in 
John's approach to the problem? Could he have 
proceeded without a basic knowledge of such the- 
ory? 

2. Exhibits 3B and SB indicate a basic problem with 
the radar-type method. This caused John to de- 
velop a quite different method* Discuss this 
crucial point in the case study fully. 

3. What was the reason for differentiating the pulses 
before scope display? Clearly show how differen- 
tiation occurs, 

4. What other M signal processing' 1 steps did John take 
to make timing of pulse travel easier? Discuss 
these . 

5. Discuss the reasons why the project extended over 
a long period of time Q 

6* To what extent was John dependent upon others for 
the project's successful completion and to what 
extent was he largely independent? 

7. Clearly identify the times during the project where 
you feel engineering judgment was exercised properly. 



